Introduction
Mangroves are coastal forest ecosystems that occur in the sheltered intertidal zones of the tropical and subtropical regions of the world. They are globally recognized to be of extreme ecological, economic, social, and cultural importance because of the variety of goods and services they provide, reaching an estimated annual economic value of more than USD 900,000 km −2 (UNEP-WCMC 2006). Some of the most important goods and services provided by mangroves include the protection of the coastline from the energy of the winds and waves and the conservation of fishing and biodiversity in the coastal and adjacent estuary waters (Ewel et al. 1998; Mazda et al. 2005; Nagelkerken et al. 2008) .
The increased emissions of greenhouse gases, in the recent decades, has enhanced the society's perception of the social and economic damage that may be caused by climate changes, leading to an increasing interest in minimizing the potential impacts of these changes (Parry et al. 2007) . In this sense, the large contribution of forest and wetland conversion to the global anthropogenic emissions of greenhouse gases (17% -van der Werf et al. 2009 ) draws attention to the need for their conservation and understanding of their role in carbon sequestration. In the case of mangroves, although there is still considerable uncertainty in the estimates of the carbon balance in this ecosystem , recent studies have shown their potential for carbon storage (Donato et al. 2011; McLeod et al. 2011) . Thus, the function of carbon storage and sequestration adds another reason in favor of the conservation of mangroves. This appeal is even greater since climate change is intensifying (Parry et al. 2007 ) and international agreements are being signed to reduce and offset the emissions of greenhouse gases.
After the Kyoto Protocol, it has become possible for Certified Emission Reduction from Clean Development Mechanism (CDM) projects to originate from actions involving activities of land use, land use change, and forestry. These projects are proposed by companies in partnership with governments and non-governmental organizations in developing countries. However, thus far, only reforestation and afforestation activities are considered eligible, and conservation or forest management activities in natural systems are not included. Therefore, in the case of mangroves growing in protected areas, carbon sequestration rates related to tree growth over time cannot be converted into official carbon credits in the context of the Climate Convention, until the Reducing Emissions from Deforestation and Forest Degradation (REDD) methodology is included in the post-Kyoto period.
REDD's intention is that developing countries may be financially rewarded for keeping carbon stored in their natural forests, preventing the economic growth of these countries to happen at the expense of environmental services promoted by such forests. Although unofficial, the contribution of REDD to the volume of tons of CO 2 traded in voluntary carbon markets has increased over time (Diaz et al. 2011 ). These voluntary transactions are being carried out in an attempt to secure a market reserve after the regulation of REDD in the ambit of the Climate Convention. Diaz et al. (2011) showed that in 2007, the volume of CO 2e (sum of all greenhouse gas emissions equivalent to the potential contribution of CO 2 to the greenhouse effect) negotiated from REDD projects was 1.2 million tCO 2e , while in 2010, this value increased to 19.5 million tCO 2e . This increase was not observed in afforestation and reforestation projects, which went from 3.5 million tCO 2e in 2007 to 5.8 million tCO 2e in 2010.
The aim of this study is to assign monetary values to the service provided by mangrove ecosystems regarding carbon storage and sequestration in a protected area, considering approaches related to the CDM and REDD.
Methods

Study area
The mangrove of the Guaratiba State Biological Reserve (Figure 1 ), located in the Sepetiba Bay, southeast coast of Brazil (23.00°S, 43.57°W), was used as a case study. Almeida et al. (2011) estimated the total area of mangroves in this protected area to be 4290 ha, with 3356 ha of mangrove forests and 934 ha of salt flats. Three typical mangrove species are found in the study area: Avicennia schaueriana, Laguncularia racemosa, and Rhizophora mangle. The climate in Guaratiba is defined by an average annual temperature of 23.5°C and average annual rainfall of 1067 mm, with the months of the highest rainfall between January and March and the driest months between June and August (Estrada et al. 2008) . The tidal regime is microtidal with a range of less than 2 m.
Because of the existence of an extensive coastal plain, the structure of the mangrove forests in Guaratiba varies according to the frequency of tidal flooding and to the relative position of the sources of continental drainage (river and groundwater). These factors enable the identification of three physiographic types: fringe (high frequency of tidal flooding); basin (intermediate-to-low frequency); and transition with salt flats, where mangroves develop a shrub growth form due to the low frequency of tidal flooding and the resulting high salinity ). According to these authors, such forests are characterized by a gradient of reduction of the structural development from the fringe to the transition forests (Table 1 ). In the same direction, interstitial water salinity increases (Table 1) as a response to a gradually lower tidal flooding frequency. Among the species found in this region, R. mangle and A. schaueriana alternate as dominants in the fringe, basin, and transition forests, depending on the prevailing environmental conditions. The contribution of L. racemosa is considerably low, with the exception of some transition forests located upstream of the Piracão river. 
Carbon storage and sequestration
To conduct this study, data on carbon storage and sequestration in the aboveground biomass (AGB) were obtained from Estrada (2013) . Since this reference is a PhD thesis in Portuguese, we present below a detailed summary of its methodology. Carbon storage was estimated from 94 plots (mean size of 250 m 2 ), the same plots that were used by Estrada et al. (2013) for structural characterization. Those plots were established along the gradients of tidal flooding frequency (see Estrada et al. 2013 for microtopography data) and distributed into 16 transects that extended from the margin of the estuary (low intertidal zone) to the salt flat (high intertidal zone). The plots were classified into physiographic types according to the height above mean sea level and the distance from the water body. At each plot, AGB was estimated from specific allometric models developed by Soares and Schaeffer-Novelli (2005) and Estrada et al. (2014) . Those models were developed from regression analysis and estimate AGB of each tree from height, dbh (diameter at breast height, or 130 cm), and basal area. From the several types of allometric models presented by those authors for each species, the most precise and accurate ones were selected (lowest standard error of estimation -SEE; highest coefficient of determination R 2 ) ( Table 2 ). The AGB of the whole plot was obtained from the sum of the biomass of each tree. Carbon storage was then converted from AGB considering a carbon content of 45%, as suggested by Twilley et al. (1992) , and presented as tC ha
. Means of carbon storage per physiographic type (Fringe = 31; Basin = 41; Transition = 22) were calculated considering the same classification of the plots presented by Estrada et al. (2013) .
Carbon sequestration in the AGB was estimated in 30 of the 94 plots used for carbon storage (Fringe = 12; Basin = 12; Transition = 06). The permanent plots were monitored annually, between 2003 and 2012. Since height is more variable throughout the time and less precise than dbh, AGB estimation for carbon sequestration was restricted to allometric models that present dbh as the independent variable (Table 2) . The rates of carbon sequestration were calculated from the increment of AGB resulting from growth and recruitment and presented as tC ha −1 year −1 . Since two of the four authors we cite as a source for carbon sequestration monetary values use CO 2 instead of C, we also present in Table 3 the rates of carbon sequestration in tCO 2 ha −1 year −1 , which includes the atomic molecular mass of O 2 . The means of carbon storage and sequestration per physiographic type are presented in Tables 3 and 4 .
Mangrove area estimation
In order to proceed with the valuation for the system as a whole, the values of carbon storage and sequestration were multiplied by the area (total and by physiographic type) of the study area. Area estimation had a global accuracy of 77% and was presented previously by Almeida et al. (2011) and was based on the method of object-based classification, using eCognition software, IKONOS imagery (from 2002) and field data. The physiographic types were mapped considering both spectral differences (in response to structural characteristics) and distance from the estuary and salt flat. The areas determined by these authors were: total = 3356 ha; fringe = 305 ha; basin = 2470 ha; and transition = 582 ha.
Monetary valuation of carbon storage and sequestration
The monetary values for carbon storage and sequestration were calculated using two approaches: the first one took into account the carbon sequestration rates derived from the increment of AGB, following the reasoning applied to the CDM and proposed by Kairo et al. (2009) ; and the second one took into account the conservation of carbon storage in the protected area, according to the reasoning applicable to REDD and proposed by Medeiros et al. (2011) . The prices assigned for carbon or CO 2 incorporated or maintained in the vegetation were obtained from Hamilton et al. (2010) and Diaz et al. (2011) , who reviewed the global market for forest carbon, Kairo et al. (2009) , who studied mangrove forests plantations in Kenya, and Medeiros et al. (2011) , who analyzed the value of the carbon storage in the Brazilian conservation units. Hamilton et al. (2010) , while performing an analysis on the global forest carbon market (taking as reference 226 forest projects in 40 countries) in voluntary and regular markets, observed that the prices for forest carbon credits ranged from US$ 0.65 tCO 2e −1 to around US$ 50 tCO 2e −1 . In approximately 20 years, the weighted average of the prices of carbon, considering the volume of tons of CO 2 in each project, was US$ 7.88 tCO 2e −1 . Diaz et al. (2011) updated this analysis and found that the average price of offsets through the primary markets for forest carbon increased from US$ 3.80tCO 2e −1 in 2008 to US$ 4.50tCO 2e −1 in 2009 and US$ 5.50tCO 2e −1 in 2010. Because of the increasing importance of REDD, the market has established, as a fundamental requirement for a wide appreciation among buyers, that the projects should provide benefits for both biodiversity and local communities. Thus, the Climate, Community, and Biodiversity (CCB) certificate, conceived by the Climate, Community, and Biodiversity Alliance, a consortium of international non-governmental organizations, has been increasingly considered. The CCB certification standards do not generate tradable credits but assess social and environmental issues, and the generation of co-benefits for local communities.
Around 53% of all the projects that take into account co-benefits and were evaluated on the basis of the CCB standards also received the Verified Carbon Standard (VCS) certification (Diaz et al. 2011 ) that specifically assesses the carbon calculations and methodologicalrelated issues. Hence, besides the average market value of US$ 5.50tCO 2e −1 in 2010, for Guaratiba, the median price for the VCS standard (US$ 8.50tCO 2e −1 ) was also used. Kairo et al. (2009) −1 for mangrove forest plantations in Kenya. This price was set by Niles et al. (2002) as the default for the reforestation interventions of degraded areas in order to avoid deforestation and for sustainable agricultural practices. Medeiros et al. (2011) used the standard value of US$ 18.00tC −1 , quoted as an average of the value of forest carbon transactions in the major global markets. In addition to the carbon storage value, annual rental taxes were also estimated for the current study. According to these authors, rental taxes should be considered for the compensation of the economic activities that could not be developed in the areas reserved for conservation due to legal restrictions; that is, it could be set from the opportunity cost of capital in real terms, discounted for inflation. The rental rates corresponded to 3 or 6% of the total carbon storage value and were also applied in the present study. Min.
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Results
The mean values of the service of carbon sequestration varied from 19.00 ± 10.00 US$ ha −1 yr −1 in the basin forests to 82.28 ± 32.10 US$ ha −1 yr −1 in the fringe forests (Table 3) . Considering the total area occupied by each physiographic type in Guaratiba, we obtain values of up to 43,933 US$ yr −1 in the fringe forests; 315,666 US$ yr
in the basin forests; and 96,228 US$ yr −1 in the transition forests. Thus, the total value of the Guaratiba mangrove forests would be up to 455,827 US$ yr −1 . Regarding the value of carbon storage, we estimate that US$ 3.5 million are stored in the AGB of the Guaratiba mangrove forests and that between 104,000 and 209,000 US$ yr −1 would be the amount for the annual maintenance cost (or rental tax) of this storage (Table 4) .
Discussion
The maximum values found for carbon sequestration rate in the three physiographic types in Guaratiba (Table 3) were close to the value found by Kairo et al. (2009) for a 12-year-old plantation of R. mucronata in Kenya (44.42 US$ ha −1 yr −1 ) if the monetary value per ton of sequestered carbon presented by the same authors was used. If the average values were considered, this proportion would decrease to 35-45% of the value of Kairo et al. (2009) . This difference could be explained, in part, by the lower age of the managed forests that were considered by these authors, since young forests tend to present higher productivity levels than mature forests (Kira & Shidei 1967; Whittaker & Woodwell 1967; Binkley et al. 2002) . The fact that transition forests presented higher mean values of carbon sequestration (and thus higher monetary values for this service) than basin forests and higher maximum values than both fringe and basin forests despite being exposed to lower tidal flooding frequency and higher salinity ; Table 1 ) is surprising and indicates that other factors not related to edaphic conditions may be driving this pattern. A possible explanation for this pattern is that transition forests are younger than basin and fringe forests and hence present higher productivity, as mentioned before. This hypothesis, which is partially supported by Estrada et al. (2013) , will be tested in future studies.
The economic value (US$ 3.5 million) of carbon storage in the 3356 ha of the Guaratiba mangrove forests would be higher if belowground biomass (roots) and soil were included. If the best estimates in the literature for the carbon storage in roots (54.95 tC ha −1 : average of the values compiled by Komiyama et al. 2008 ) and soil (552.4 tC ha −1 : global average for a depth of 1 m presented by Chmura et al. 2003) of mangroves are applied to the Guaratiba mangrove forests, the economic value for the maintenance of carbon storage would increase up to US$ 40, 168, 423. However, it would still be possible to question whether the preservation of the Guaratiba mangroves would be economically viable in the face of other possibilities of use. In this regard, Siikamäki et al. (2012) demonstrated that, up to a value of 10 US$ tCO 2 −1 (37 US$ tC . Therefore, considering that the estimation of US$ 40 million for the Guaratiba mangroves was derived from an average carbon value of 18 US$ tC −1 (Medeiros et al. 2011) , we could suggest that their conservation, only for the maintenance of the carbon storage, is economically viable. If we also consider that mangroves provide a wide variety of goods and services (Ewel et al. 1998; Mazda et al. 2005; Nagelkerken et al. 2008) , the economic value of this ecosystem would be greater. Besides the values of direct or indirect use, the values of non-use, related to the very existence of the system and to the intention that it remains preserved as a legacy for future generations (Soares 2002) , should also be acknowledged.
The protected areas of Brazil are managed by the municipal, state, or federal government and generally lack financial resources, which limits the ability to manage them. The Guaratiba State Biological Reserve is managed by the Rio de Janeiro State Government, through its Environmental Institute, but it has no resources of its own and a poor infrastructure, which translates into a low management capacity of the area. This limitation makes it highly vulnerable to urban expansion, since it is located in the metropolitan area of Rio de Janeiro, on the route of one of the main expansion areas of the city of Rio de Janeiro. Thus, the payment for the service of carbon storage and sequestration, directly and/or through the payment of annual rental taxes, could generate an annual revenue between 117,169 and 593,609 US$ yr −1 considering annual rental taxes and the monetary value of the service of carbon sequestration. Such resources could be applied on the improvement of the reserve management infrastructure, reducing the vulnerability to the impacts caused by urban expansion.
Even if raising financial resources for the conservation of the entire ecosystem seems beneficial, several authors (McAfee 1999; Igoe & Brockington 2007; Kosoy & Corbera 2010; Büscher et al. 2012; Corbera 2012) warn about the dangers of changing the logic of conservation by the commodification of certain ecosystem functions. The change consists of replacing the old ethical and inter-generational argument that nature needs to be managed and protected for the survival of ecosystems and species, with one that prioritizes some elements of nature that seem useful to humans. Assigning a monetary value to an ecosystem service heavily depends on scientific measurements and threatens to compromise other sources of valuation, such as those from local communities that depend directly on the forests. Thus, because of the power asymmetries, the valuation process may generate socio-environmental conflicts between those interested in carbon storage and the communities (Jindal 2004; De Paula & Morais 2012; Packer 2012) , as described by Beymer-Farris and Bassett (2012) for the mangrove forests in Tanzania. We thus position ourselves cautiously with respect to the market mechanisms and to the possibility of offsetting emissions. As suggested by Corbera (2012) , a global fund of ecological debt could be constituted where the developed countries finance the development with conservation in developing countries, as long as the latter develop their own environmental agendas and are not conditioned to the carbon market.
In the present study, monetary values were assigned to the service provided by the mangroves of Guaratiba regarding of carbon storage and sequestration, considering the reasoning of both CDM and REDD. The results showed that the economic values of this ecosystem service vary according to the physiographic type (fringe, basin, and transition forests) and to the area occupied by each physiographic type. Based on these results, it is highly recommended that future studies about the economic valuation of carbon storage in mangroves take into account the spatial variability of the system (e.g., different physiognomies, physiographic types, or successional stages). Since developing countries generally lack financial resources to sustain long-term environmental management actions, the income resulting from REDD or CDM projects could be an important way of improving the conservation status of mangroves.
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